Mass modification of D-meson in hot hadronic matter 



.0 



INTRODUCTION 
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We evaluate the in-medium D and _D-meson masses in hot hadronic matter induced by interactions 
with the hght hadron sector described in a chiral SU(3) model. The effective Lagrangian approach 
is generalized to SU(4) to include charmed mesons. We find that the D-mass drops substantially at 
finite temperatures and densities, which open the channels of the decay of the charmonium states ('I'', 
Xc, J/'^) to DD pairs in the thermal medium. The effects of vacuum polarisations from the baryon 
sector on the medium modification of the D-meson mass relative to those obtained in the mean 
field approximation are investigated. The results of the present work are compared to calculations 
fT^ , based on the QCD sum-rule approach, the quark-meson coupling model, chiral perturbation theory, 

■ as well as to studies of quarkonium dissociation using heavy quark potential from lattice QCD. 
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I The in-mcdium properties of hadrons have been a field of active theoretical research in the last decade. From the 

, experimental side in-medium effects have also been probed in relativistic heavy-ion collisions from SIS (1-2 A-GeV) 

to SPS energies (30-160 A-GeV). At the SPS the experimentally observed dilepton spectra QjQl ~ that offer a direct 

glance at the in medium spectral properties of the vector mesons - have been attributed to medium modifications of 

OO ' the spectral function especially of the p-meson 0,0,0,01 and can not be explained by vacuum hadronic properties. 

CO ■ Furthermore, experiments on K production from nucleus-nucleus collisions at SIS energies (1- 2 A- GeV) have 
O 

"'Y' \ and out-of-plane, as well as in the abundancy and spectra of antikaons jj, |9|, llOl llll Il2l Il3l Il4| . Since the 

^ . strangeness sector {K^ , Ks,T,s) shows some analogy to the open charm sector (D^,Ac,I]c), which results from ex- 

' changing strange/antistrange quarks by charni/anticharm quarks, the medium modifications for the Z?- mesons have 

' become a subject of recent interest, too 15, |la, |l3 lisl lid . |2(]j. It is expected that one might find open charm 
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shown that in-medium properties of kaons are seen in the collective fiowpattern of mesons both, in-plane 
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enhancement in nucleus- nucleus collisions [2l| as well as J/^' suppression as experimentally observed at the SPS 
Indeed, the NA50 Collaboration has claimed to see an open charm enhancement by up to a factor of three in central 
Pb + Pb coUisions at 158 A-GeV 

Open charm mesons {D, D* , D, D*) can be produced abundantly in high energy heavy-ion collisions and might 
even dominate the high mass (M > 2 GeV) dilepton spectra 24]. The medium modification of _D-mesons is worth 
investigating since they should modify the J/'? absorption cross section in the medium with baryons and mesons and 
could also provide a possible explanation for the observed J/^ suppression 22]. On the other hand, in high energy 
heavy- ion collisions at RHIC {y/s ^ 200 GeV), an ap|)reciable contribution of J/'? suppression is expected to be due 
to the formation of a quark- gluon Plasma (QGP) 25]. However, the effect of the hadron absorption of J/^f's is still 



not negligible |26ll27ll28| . It is thus important to understand the charmed meson interactions in the hadronic phase. 
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The D-meson mass modifications have been studied using the QCD sum rule approach (QSR) It was found 
that due to the presence of a hght quark in the D-meson the mass modification of Z3-mesons has a large contribution 
from the light quark condensates [18]. The J/'f - being a cc vector state - has a dominant contribution from the gluon 
condensates. Accordingly, the substantial medium modification of the light quark condensate - as compared to the 
gluon condensate - is attributed to a larger drop of the D-meson mass as compared to the J/^ mass modification. 
Alternatively, within a linear density approximation in the QSR, the DN interaction is seen to be more attractive 
than the J/^f-N interaction 15]. This leads to a larger decrease of the _D-meson mass than that of the charmonium 
(about 10 times larger at nuclear matter density po). It is seen that the large mass shift of the _D-nieson originates 
from the contribution of the mc{qq) n term in the operator product expansion. In the QMC model, the contribution 
from the nic (qq) n term is represented by a quark-cr meson coupling. The QMC model predicts the mass shift of the 
_D-meson to be of the order of 60 MeV at nuclear matter density |20l| , which is very similar to the value obtained in 
the QCD sum rule calculations of Ref. 1^,Q|. Furthermore, lattice calculations for heavy quark potentials at finite 
temperature suggest a similar drop Q, 29 1 . 

A reduction of the D-mass has direct consequences for the production of open charm [2^ as well as J/ 4' s upp ression 
[soj. Recently, the NA50 collaboration [3^ has reported a strong (so called 'anomalous') J/'I' suppression [s^l in Pb- 
Pb collision at 158 AGeV. A possible explanation of the J/J suppression jlj| is the large difference in the mass shifts 
for D and J/^*. As suggested by the p-A collision data ^ large part of the observed J/^* is produced from the 
excited states Xc and Thus an appreciable drop of the D-meson mass could lead to the decay of these excited 
states {xc or ^'') in the medium to DD final states Q| and might lead to a lower yield for J/\l/ accordingly. These 
effects could be explored at the future accelerator facility at GSI 

In this work we study the medium modification of the masses of charmed mesons (D^ ) due to their interaction with 
the light hadron sector. The medium modification of hadronic properties in hot and dense hyperonic matter has been 
studied in a chiral SU (3)-flavor model in Ref. 36]. We generalise the model to 5[/(4)-flavor to include charm mesons. 
Thus knowing the interactions of the charmed pesudoscalar mesons, we investigate their mass modification in the hot 
and dense matter due to their interactions with light hadrons. Within the model, both experience a drop in the 
thermal medium due to an attractive interaction via exchange of scalar mesons. The D"^ has a drop in the medium due 
to a vectorial (as well as vector lo exchange) term, whereas the has positive contributions from the vector terms in 
the thermal medium. The effects on the Z?-meson mass arising from terms of the type {d^D^){d'^D^) are taken into 
consideration, too. We compare the results obtained in the model with those obtained from the interactions arising 
from chiral perturbation theory, where a drop of the mass is found due to an attractive nucleon scalar interaction 
(the so called sigma term) while the vectorial interaction is responsible for a drop (rise) for the D+ (D^) mesons. 
The repulsive scalar interaction (^ (9^tZ?+)(9^Z?^)) which is of the same order as the attractive scalar interaction in 
chiral model, is also taken into consideration to study the in-medium D-meson mass. In the present model, the effect 
is seen to be larger than that arising from chiral perturbation theory. The effect of taking into account the nucleon 
Dirac sea for the study of hadronic properties, and hence their effect on _D-mesons due to their interaction with the 
nucleons and scalar and vector mesons, is studied additionally. It is seen to give rise to higher values for the masses 
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as compared to the mean field approximation, since such vacuum polarizations effects decrease the strength of the 
scalar and vector fields associated with a softening of the equation of state. 

We organize the paper as follows: We briefly recapitulate the SU (3)-flavor chiral model adopted for the description 
of the hot and dense hadronic matter in Section 2. The hadronic properties then are studied within this approach. 
These give rise to medium modifications for the Z3-masscs through their interactions with the nucleons and scalar 
and vector mesons as presented in Section 3. Section 4 discusses the results of the present investigation, while we 
summarise our findings and discuss open questions in Section 5. 



2. THE HADRONIC CHIRAL SU{3) x SU{3) MODEL 



In this section the various terms of the effective Hadronic Lagrangian 

^ = ^kin + ^ ^BW + ^VP + ^vec + Cq + CsB (1) 

W=X,Yy,A,u 

are discussed. Eq. corresponds to a relativist ic q uantum field theoretical model of baryons and mesons built on 
chiral symmetry and broken scale invariance |36l l37l l3Sl | to describe strongly interacting nuclear matter. We adopt 
a nonlinear realization of the chiral symmetry which allows for a simultaneous description of hypcron potentials and 
properties of finite nuclei This Lagrangian contains the baryon octet, the spin-0 and spin-1 meson multiplets 

as the elementary degrees of freedom. In Eq. JQ), Ckm is the kinetic energy term, Cbw contains the baryon-meson 
interactions in which the baryon-spin-0 meson interaction terms generate the baryon masses. Cyp describes the 
interactions of vector mesons with the pseudoscalar mesons (and with photons) . C^ec describes the dynamical mass 
generation of the vector mesons via couplings to the scalar mesons and contains additionally quartic self-interactions 
of the vector fields. £o contains the meson-meson interaction terms inducing the spontaneous breaking of chiral 
symmetry as well as a scale invariance breaking logarithmic potential. Csb describes the explicit symmetry breaking 
of U{\)a, SU{i)v and the chiral symmetry. 



2.0.1. The kinetic energy terms 



An important property of the nonlinear realization of chiral symmetry is that all terms of the model-Lagrangian only 
have to be invariant under SU{2i)v transformations in order to ensure chiral symmetry. This vector transformation 
depends in general on the pseudoscalar mesons and thus is local. Covariant derivatives have to be introduced for 
the kinetic terms in order to preserve chiral invariance [3^. The covariant derivative used in this case, reads: I?^ = 



[r^, ] with 



-,[v)d^u + ud^v)], where u — exp 



fTn 



is the unitary transformation operator. The 



pseudoscalar mesons are given as parameters of the symmetry transformation. 
The kinetic energy terms read 



1 



1 



1 



1, 



-D^XD^X - TTr V^^.V^^ - -Tr [F^.F^ - -Tr [A^.A^ 



(2) 
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In -B is the baryon octet, X the scalar meson multiplet, Y the pseudoscalar chiral singlet, V^^ {^^) the renormalised 
vector (axial vector) meson multiplet with the field strength tensor V^^ — d^V^ — duV^^ [A^^u — d^Ay — di^Ap,). 
is the field strength tensor of the photon and x is the scalar, iso-scalar dilaton (glueball) -field. 

2.0.2. Baryon-meson interaction 

Except for the difference in Lorentz indices, the SU(3) structure of the baryon -meson interaction terms are the 
same for all mesons. This interaction for a general meson field W has the form 

Cbw = ~V2g^ {aw{BOBW]F + (1 - aw){BOBW]D) - ^Ti (BO B)TtW , (3) 

v3 

with [BOBW]f := Tr(BOWB-BOBW) and [BOBW]d := Tt(BOWB + BOBW) - ITt(BOB)TtW . The different 
terms - to be considered - are those for the interaction of baryons with scalar mesons (W = X,0 — I), with vector 
mesons {W ~ V^,0 — for the vector and W — Vf^^, O ~ cr^'' for the tensor interaction), with axial vector mesons 
(W = Ap,, O = 7^75) and with pseudoscalar mesons {W = u^, O = 7^75), respectively. For the current investigation 
the following interactions are relevant: Baryon-scalar meson interactions generate the baryon masses through coupling 
of the baryons to the non-strange (t(~ {uu + dd)) and the strange {ss)) scalar quark condensate. After insertion 
of the scalar meson matrix X, one obtains the baryon masses as 

niM = mo - igf (4as - 1)(\/2C - cr) 
2 

TOA = mo - -gf (as - 1)(%/2C- cr) 
2 

ms = mo-H-<?f(as-l)(\/2C-f7) (4) 
ms = mo + i<?f(2as-f l)(%/2C-cr) 

with mo — gf{-/2a + C)/\/3. The parameters gf^gi and as can be used to fix the baryon masses to their exper- 
imentally measured vacuum values. It should be emphasised that the nucleon mass also depends on the strange 
condensate Q. Recently, the vector meson properties were investigated in nuclear matter for the special case of as = 1 
and gf = y/Qg^ [3- Then the nucleon mass depends only on the non-strange quark condensate. In the present 
investigation, the general case will be used to study hot and strange hadronic matter and takes into account the 
baryon couplings to both scalar fields (a and Q while summing over the baryonic tadpole diagrams to investigate the 
effect from the baryonic Dirac sea in the relativistic Hartree approximation '^3^- 

In analogy to the baryon-scalar meson coupling there exist two independent baryon- vector meson interaction terms 
corresponding to the F-type (antisymmetric) and D-type (symmetric) couplings. Here we will use the symmetric 
coupling because - from the universality principle |3fJ | and the vector meson dominance model - one can conclude 
that the antisymmetric coupling should be small. We realize it by setting ay = 1 for all fits. Additionally we decouple 
the strange vector field 0^ ^ s7/jS from the nucleon by setting gY — V^gY . The remaining baryon- vector meson 
interaction reads 

Cbv = -V2g^ {[Bj^BV'jF + Tr(B7^B)TrF'^} . (5) 
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2.0.3. Meson-meson interactions 

The Lagrangian describing the interaction for the scalar mesons, X, and pseudoscalar singlet, F, is given as 

1 



A = --kox^h + hihf + k2h + 2k3xh, (6) 

with I2 ~ Tr(X + iY)'^, I3 = det(X + iY) and I4 — Tt{X + iY)'^. In the above, x is the scalar color singlet gluon 
field. It is introduced in order to satisfy the QCD trace anomaly, i.e. the nonvanishing energy-momentum tensor 

= {(3QCD/2g){Gl^G'''t'''), where G^^ is the gluon field tensor. 
A scale breaking potential 

4 Xo 3 det(A)o 

is introduced additionally and yields 

It allows for the identification of the x held width the gluon condensate 0^ = (1 — 6)6'^ = (1 — S)x'^. Finally the 
term = —k/^x^ generates a phenomenologically consistent finite vacuum expectation value. We shall use the frozen 
glueball approximation i.e. assume x — (0|x|0) = XOj since the variation of x in the medium is rather small 
The Lagrangian for the vector meson interaction is written as 

22 \ 2 



C,ec = -f^TriV^V^^) + ^^Tt{V^,V^''X') + ^[Tt{V^'')) + 2(g4)"Tr(F^F'')\ (9) 

~ 1 /2 ~ 

The vector meson fields, are related to the renormalized fields by = Zy VJj, with V = to, p, (p . The masses of 
uj, p and (j) are fitted from my, p, and Ay. 

2.0.4. Explicit chiral symmetry breaking 

The explicit symmetry breaking term is given as [s^ 

CsB = TrAp {uiX + iY)u + u\X- (10) 

with Ap = l/\/2diag(r7i^/7r, m^/jr, 2mj^fK — mlfj^) and m^r = 139 MeV, ttik = 498 MeV. This choice for Ap, together 
with the constraints (Jq — — /tt, Co — ~^{2fK — fn) on the VEV on the scalar condensates assure that the PCAC- 
relations of the pion and kaon are fulfilled. With /^r = 93.3 MeV and fx = 122 MeV we obtain |(To| = 93.3 MeV and 
ICol = 106.56 MeV. 

2.1. Mean field approximation 

We next proceed to study the hadronic properties in the chiral SU(3) model. The Lagrangian density in the mean 
field approximation is given as 

Cbx + Cbv = -'^ipi[giLj7o(^ + gici>7o<l> + m*]tpi (11) 



1 2X^ 



1 2 , 2 , . , , 



4 Xo 3 CT^Co 



V5B - ( — 

,Xo 



2 r 



(12) 

(13) 
(14) 



where m* = -~ga-i<^ — Sc^C effective mass of the baryon of type i (i — N, S, A, S). In the above, — V Z^^g^ is 

the renormahsed couphng for cj-field. The thermodynamical potential of the grand canonical ensemble, il, per unit 
volume V at given chemical potential fi and temperature T can be written as 



V 



-c 



-Ca-CsB-V,ac + Y.J^ J d'kE*{k)(^Mk) + f,{k)') 

i 

T.J^,^'ljd'k{h[k)~m)■ 



(15) 



Here the vacuum energy (the potential at p = 0) has been subtracted in order to get a vanishing vacuum energy. In 
()16|l 7i are the spin-isospin degeneracy factors. The fi and fi are thermal distribution functions for the baryon of 
species, i given in terms of the effective single particle energy, E* , and chemical potential, /x*, as 

1 1 



, h{k) 



g/3(B*(fe)+/x*) 



(16) 



with E*{k) = \l kf + m*^ and n* — fii — gtujU!. The mesonic field equations are determined by minimizing the 
thermodynamical potential Is?! . These are expressed in terms of the scalar and vector densities for the baryons 
at finite temperature 

(Pk 



{m~Uk)) . 



(2^)3 E* ' " ' "J (2^)3 

The energy density and the pressure are given as, e = Q./V + p^p^+TS and p — —il/V. 



(17) 



2.2. Relativistic Hartree approximation 



The relativistic Hartree approximation takes into account the effects from the Dirac sea summing over the 
baryonic tadpole diagrams and the interacting propagator for a baryon of type i has the form 40] 

1 



— m* + ie 



m r S{p'~E*ip)) , S{pP + E*{p)) 



Gf(p) + Gf(p), 



(18) 



where E*{p) = yp^ + m*^ , p — p + Ej^ and m* = rrii + Sf . Sj^ and Sf are the vector and scalar self energies of 
baryon, i respectively. In the present investigation (for the study of hot hyperonic matter) the baryons couple to both 
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the non-strange (a) and strange (C) scalar fields, so that we have 
where a = cr — ao, C = C~Co- The scalar self-energy Ef can be written 



Ef = i 



mt m 




Tr[Gf(p)+Gf(p)]e^''''"^(Ev 



(19) 



(20) 



(Ef ) is the density dependent part and is identical to the mean field contribution 



(21) 



with as defined in p7|) . The Feynman part (Ef )^ of the scalar part of the self-ener gy i s divergent. We carry out 
a dimensional regularization to extract the convergent part. Adding the counter terms [36j 



\ C/ n=0 ' 



(22) 



yields the additional contribution from the Dirac sea to the baryon self energy [36j . The field equations for the scalar 
meson fields are then modified to 



d{n/v) 



9$ 



d{n/v) 



RHA 



dm 



J2^Ap^,=0 with ^ = a,C, 



MFT 



where the additional contribution to the nuclcon scalar density is given as 



TTli I 2 6 



(23) 



(24) 



3. D-MESON MASS MODIFICATION IN THE MEDIUM 



We now examine the medium modification for the _D-meson mass in the hot and dense hadronic matter. In the 
last section, the SU(3) chiral model was used to study the hadronic properties in the medium within the relativistic 
Hartree approximation. We assume that the additional effect of charmed particles in the medium leads to only 
marginal modifications 41] of these hadronic properties and do not need to be taken into account here. However, to 
investigate the medium modification of the D-meson mass, we need to know the interactions of the Z)-mesons with 
the light hadron sector. 

The light quark condensate has been shown to play an important role for the shift in the Z?-meson mass in the QCD 
sum rule calculations jisf . In the present chiral model, the interactions to the scalar fields (nonstrange, cr and strange, 
C) as well as a vectorial interaction and a w- exchange term modify the masses for mesons in the medium. These 
interactions were considered within the SU(3) chiral model to investigate the modifications of K-mesons in thermal 
medium Q|. The scalar meson exchange gives an attractive interaction leading to a drop of the D (K) -meson 
masses similar to a scalar sigma term in the chiral perturbation theory IasI . In fact, the sigma term corresponding 
to the scalar kaon-nucleon ,44] (as well as TriV sigma term) and D-nucleon attractive interaction are predicted in 
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our approach automatically by using SU(3) and SU(4) symmetry, respectively. The pion-nucleon and kaon-nucleon 
sigma terms as calculated from the scalar meson exchange interaction of our Lagrangian are around 28 MeV and 
463 MeV respectively. The value for KN sigma term calculated in our model is close to the value of Yikn~4:5Q MeV 
found by lattice gauge calculations of j^- The value for the DN sigma term within our chiral model turns out to 
be S_DAr — 7366 MeV ignoring the contribution of the charm condensate to the nuclear scalar density. In the present 
investigation we also consider the effect of repulsive scalar contributions (9^_D+)(c)^D^)) which contribute in the 
same order as the attractive sigma term in chiral perturbation theory. 

To consider the medium effect on the D-meson masses we generalize the chiral S'[/(3)-flavor model to include the 
charmed mesons. The scalar meson multiplet has now the expectation value 

/ cr/%/2 \ 

(25) 



{X) = 



V 



a/V2 

CO 
Cc/ 



with Cc corresponding to the cc condensate. The pseudoscalar meson field P can be written, including the charmed 
mesons, as 

2K+ 



P 



-^7V2 



215+ 



TT 







l+Wc 





1 + tUc 







(26) 



/ 



where w = \/2C,/(j and Wc = v^Cc/c. From PCAC, one gets the decay constants for the pseudoscalar mesons as 
/tt = — cr, Jk = — (c + \/2C)/2 and fo = — (c + \/2Cc)/2. In the present calculations, the value for the D-decay 
constant will be taken to be 135 MeV Q|. We note that for the decay constant of Df, the Particle Data Group 



quotes a value of / 



D7 



200MeV. Taking a similar value also for fu would not affect our results qualitatively, 
however (see also The vector meson interaction with the pseudoscalar mesons, which modifies the masses of the 

K(D) mesons, is given as 



Cvp^--^TT{T^Vn + h.c. (27) 

The vector meson multiplet is given as y = diag((Li; + po)/V2, {^ — po)/V2, (p, J/"^)- The non-diagonal components 
in the multiplet have not been written down as they are not relevant for the present investigation. With the interaction 
(|27|l . the coupling of the I?-meson to the tj-meson is related to the pion-rho coupling as g^olSp-K-n = /^/(2/|)). 

The scalar meson exchange interaction term, which is attractive for the Z?-mesons, is given from the explicit 
symmetry breaking term by equation (fTn|l . where Ap = l/\/2 diag {m'^fTr, ml f^r, 2 mj^fK — rn^f-,^, 2 mj^fo ~ to^/tt). 

The interaction Lagrangian modifying the I?-meson mass can be written as |44| 

= -^N^'-NiD+d^.D- -d,,D+D-) 
^Id 

2 

+ + V2Cc)D+D- - ig^D+d^D- - d^D+D-)Lo'' 

_ 1 (a + V2Ce)(9^i?+)(9^i?-) + :^(iViV)(a^i?+)(9^i?-). (28) 



In H28|l the first term is the vectorial interaction term obtained from the first term in The second term, which 
gives an attractive interaction for the ZJ-mesons, is obtained from the explicit symmetry breaking term (|10|l . The 
third term, referring to the interaction in terms of oj-meson exchange, is attractive for the and repulsive for . 
The fourth term arises within the present chiral model from the kinetic term of the pseudoscalar mesons given by 
the third term in equation |(2J), when the scalar fields in one of the meson multiplets, X are replaced by their vacuum 
expectation values. The fifth term in (|28|l has been written down for the DN interactions, analogous to a term of the 
type 

= diTr{u^u^'BB), (29) 
in the SU(3) chiral model. The last two terms in H28|) represent the range term in the chiral model. 

3.1. Fitting to KN scattering data 

The term (|29|) reduces for the KN interactions to 



'Cf^ = d,—^{NN){d,K+W^K~). (30) 
The coefficient, di in the above shall be determined as consistent with the KN scattering data 

QHQ The 

isospin averaged KN scattering length 

dKN = ^(Sa^lv + a^lv) (31) 

can be calculated to be 



rriK 



'rriKs gaN f-s/^rriK^ g^N 



47r(l + mif/mAf) L ^2/^^ ml ^ 2fK 
'^QujKgujN 3 dirriK' 



ml Afl 2fl 



(32) 



Choosing the empirical value of the isospin averaged scattering length |46l |48| , 

dKN~ -0.255 fm (33) 

determines the value for the coefficient di. The present calculations corresponds to the values g^N = 
10.618. .„d = -0.4836 a. „.h .he v«™„ b™ „,a.s«, „d U„ o.h„ p„.™.e. a. fiUed 

from the nuclear matter saturation properties as listed in Ref. |36| . We consider the case when a quartic vector 
interaction is present. The coefficient di is evaluated in the mean field and RHA cases as b.Qi/mK and A.H/mK 
respectively. The contribution from this term is thus seen to be attractive, contrary to the other term proportional 
to {d^D+){di'D-) in ^ which is repulsive. 

3.2. Chiral perturbation theory 

The effective Lagrangian obtained from chiral perturbation theory has been used extensively in the literature 
for the study of kaons in dense matter. This has a vector interaction (called the Tomozawa- Weinberg term) as the 
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leading term. At sub-leading order there are the attractive scalar nucleon interaction term (the sigma term) Q| as 
well as the repulsive scalar contribution (proportional to the kinetic term of the pcsudoscalar meson). We generalize 
such an interaction to SU(4) to write down the interaction of a Z3-meson with a nucleon as 

Cdn - -^N^NiD+d^^D- - d,,D+D-) + ^{NN)D+D- 

+ ^{NN){d^D+){d^D-). (34) 
Id 



whereEcAT = {N\{dd+cc)\N) in analogy to the definition of Ekw = ^^^{N\{uu+ss)\N) Q- Neglecting the 

charm condensate inside the nucleon, this is directly related to the pion-nucleon sigma term given as EttW ~ fii{N\{uu+ 
dd)\N), with {N\uu\N) = {N\dd\N). In our calculations, we take = 1.3 GeV, fh = [rriu + md)/2 = 7MeV, and 
Sjrjv = 45MeT^, which gives the value for Edat = 2089 MeV. 

The last term of the Lagrangian (|34|l is repulsive and is of the same order as the attractive sigma term. This, to 
a large extent, compensates the scalar attraction due to the scalar E- term. We fix the coefficient D from the KN 
scattering data This involves choosing a value for E^jVi which depends on the strange condensate content of 
the nucleon. Its value has, however, a large uncertainty. We consider the two extreme choices: 'Skn = 2m^ and 
Ekat = 450 MeV. The coefficient, D as fitted to the empirical value of the KN scattering length H33() is; 

D ^ 0.33/mK — ^KN/mj^. (35) 

In the next section, we shall discuss the results for the Z3-meson mass modification obtained in the present effective 
chiral model as compared to that using the interaction Lagrangian of chiral perturbation theory as well as from other 
approaches. 



4. RESULTS AND DISCUSSIONS 



To study the D-meson masses in hot and dense hadronic medium due to its interactions with the light hadrons, 
we have generalized the chiral SU(3) model used for the study of the hot and strange hadronic matter to SU(4) for 
the meson sector. The contributions from the various terms of the interaction Lagrangian (|28|l are shown in Fig. 1 in 
mean field approximation. The vector interaction (A) as well as the lo exchange (C) terms (given by the first and the 
third terms of equation (|28ll . respectively) lead to a drop for the _D+ mass, whereas they are repulsive for the . 
The scalar meson exchange term (B) is attractive for both Z?+ and . The first term of the range term (referred to 
as (D)) of eq. (|28|) is repulsive whereas the second term has an attractive contribution. This results in a turn over of 
the _D-mass at around 0.4 pa above which the last term in H28|l (attractive) dominates. The dominant contributions 
arise from the scalar exchange (B) and the term (D) (dominated by di term at higher densities), which lead to a 
substantial drop of D meson mass in the medium. The vector terms (A) and (C) lead to a further drop of Z?+ mass, 
whereas for they compete with the contributions from the other two contributions. The effect from the nucleon 
Dirac sea on the mass modification of the I?- mesons is shown in Fig. 2. This gives rise to smaller modifications as 
compared to the mean field calculations though qualitative features remain the same. 



11 




FIG. 1: Contributions to the masses of mesons due to the various interactions in the present chiral model in the mean 
field approximation. The curves refer to individual contributions from (A) the vectorial interaction, (B) scalar exchange, (C) 
u) exchange, (D) the last two terms of the equation 1281 . The solid line refers to the total contribution. 




FIG. 2: Same as in figure Q, but in the relativistic Hartree approximation. The contributions to the masses of mesons 
due to the various interactions are seen to be smaller when the Dirac sea effects are taken into account. 
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FIG. 3: Masses of D mesons due to the interactions in the chiral effective model at T = 0. 



In Fig. 3 the masses of the ZJ-mesons are plotted for T = in the present chiral model. We first consider the 
situation (case (i)) when the Weinberg- Tomozawa term is supplemented by the scalar and vector meson exchange 
interactions Q]. The other case (ii) corresponds to the inclusion of the last two terms in H28(l with the parameter di 
determined from the empirical value of the scattering length (|33|) . There is seen to be a substantial drop of D- meson 
masses due to the inclusion of the range term. 

In Fig. 21 the masses are plotted for T = 150 MeV. One might note here, that the drop is smaller as compared to at 
T = at finite densities. This is due to the fact that the nucleon mass increases with temperature at finite densities 
Q, 13 ■ Such a behaviour of the nucleon mass with temperature was also observed earlier within the Walecka model 
by Ko and Li I?! in a mean field calculation. This subtle behaviour of the baryon self energy, given by (|21|l in the 
mean field approximation, can be understood in the following manner: The scalar self energy 12111 increases due to 
the thermal distribution functions at finite temperatures, whereas at higher temperatures there are also contributions 
from higher momenta which lead to lower values of self energy. These competing effects give rise to the observed 
behaviour of the effective baryon masses with temperature at finite densities. This increase in the nucleon mass with 
temperature is also refiected in the vector meson {iv, p and cj)) masses in the medium [s^ . However at zero density, 
due to effects arising only from the thermal distribution functions, the masses are seen to drop with temperature. 

We compare the results obtained in the present model to those using the interaction Lagrangian of chiral pertur- 
bation theory from Ref. The masses obtained from chiral perturbation theory are plotted in Figs. (SlandlHlfor 
T = and 150 MeV. The Z?* masses are plotted for the cases: (I) in the absence of the {d^D+){d''D-), (II) D 
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1 2 3 1 2 3 

FIG. 6: Masses of mesons due to the interactions of chiral perturbation theory for T = 150 MeV (see text for details). 

corresponding to T,kn — 2™?^ that is when the strangeness content of the nucleon is zero, (III) D corresponding to 
^KN — 450 MeV, (IV) D corresponding to Yjkn — 450 MeV and E/jat =7366 MeV, as calculated from the effective 
chiral model H28|l. The case (I) shows stronger drop of the Z?+ mass in the medium as compared to (II) and (III) 
due to the exclusion of the scalar repulsion term. For however there are cancelling effects from the sigma term 
and the Weinberg- Tomozawa interactions leading to only moderate mass modification. The repulsive term for (III) 
corresponding to the larger value of D has a higher contribution as compared to (II) as expected. However, using the 
value for Sdat as predicted form the chiral effective model, leads to a larger drop for the D-meson masses from the 
sigma term as shown in curve (IV) . The relativistic Hartree approximation gives rise to smaller mass modification as 
compared to the mean field case. In the chiral effective model ()28|l however the D+-meson mass has a stronger drop 
as compared to the chiral perturbation theory. The value of di in (|28|l as fitted from low energy KN scattering data 
has a higher value to overcome the repulsive oj- exchange term, which is absent in chiral perturbation theory. This 
leads to the range term in the present chiral model to be attractive of the same in chiral perturbation theory. As a 
result, the mass of the pair experiences a larger drop in the medium which as we shall see leads to the decay 

of charmonium states to such a pair. 

When the vectorial interaction - supplemented by the scalar sigma term - is considered (case I), i.e., ignoring the 
repulsive terms proportional to {d^D){d^D)^ one obtains mass drops for to be around 67 MeV and 19 MeV at 
nuclear matter saturation density. These values are similar to those obtained in the QCD sum rule calculations of 
Ref. 18]. A similar drop of the D-meson mass is also predicted by the QMC model f2(|. We stress that the present 
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FIG. 7: The sum of the masses for D*-mesons plotted versus density for different temperatures. The masses for the 'I'', Xc 
and J/^' are also shown to indicate the threshold conditions for the decay of these quarkonium states into DD pairs. The 
relativistic Hartree approximation for a given temperature is seen to give rise to a higher threshold for the density as compared 
to the mean field calculations. 



model gives stronger modifications for the D-meson masses than chiral perturbation theory. 

It is interesting to compare the behaviour of D and K meson masses in a medium. The masses of K~ as well as 
drop in the medium. For the kaons, the vector interaction in the chiral perturbation theory is the leading contribution 
giving rise to a drop (increase) of the mass of {K^). The subleading contributions arise from the sigma and range 
terms vi^ith their coefficients as fitted to the KN scattering data 0|. Ignoring the charm condensate contribution 
in the nucleon in the chiral perturbation theory, the mass also increases in the medium as in the cases II and 
III (see figures 5 and 6) similar to the behaviour of . However, choosing the value for Tjdn as calculated in the 
present chiral effective model, the mass of drops in the medium (case IV). In the chiral effective model, the scalar 
exchange term as well as the range term (which turns attractive for densities above 0.4po) lead to the drop of both 
and masses in the medium. We note here that a similar behaviour is also obtained for the . Firstly, 
it increases up to around a density of 0.8po and then drops due to the range term becoming attractive at higher 
densitites. However, though the qualitative features remain the same, the medium modification for is much less 
pronounced as compared to that of the in the medium. The medium modifications for the kaons and D-mesons 
in either model are obtained as consistent with the low energy KN scattering data. 

The decay widths of the charmonium states can be modified by the level crossings between the excited states of J/^ 
(i.e., 5'',Xc) and the threshold for DD creation due to the medium modifications of the I?-meson masses |Q. In the 
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vacuum, the resonances above the DD threshold, for example the vj/" state, has a width of 25 MeV due to the strong 
open charm channel. On the other hand, the resonances below the threshold have a narrow width of a few hundreds 
of KeV, only. With the medium modification of the D^-meson masses, the channels for the excited states of J/^*, 
like Xc ^' decaying to pairs can open up at finite temperatures and densities. We show the temperature and 

density dependence of the mass of a D^D^ pair in Fig. {Tj) for the chiral effective Lagrangian. The masses of the 
J/4' as well as its excited states are also shown to indicate the threshold values of temperature and density when their 
decay to D^D^ pairs becomes accessible. Indeed we find that due to the substantial medium modification of the 
D-meson (especially of meson) that charmonium states will dissociate already at quite moderate densities. There 
is a strong drop of the mass of pair in the mean field calculations, which can lead to J/4' decaying to a pair 

of D-mesons at around 2-3 times the nuclear matter density. The relativistic Hartree approximation is seen to give 
rise to higher threshold values in density. At zero density, one sees that the 4'' decaying to DD becomes accessible at 
a temperature of around 160 MeV which is around the chiral phase transition. Studies of charmonium dissociation 
using heavy quark potential inferred from lattice data, however, predict smaller values for the dissociation of 4^' of 
around 0.1-0.2 Tc in |lij | and 0.5 in |5ol |. In our present model, Xc remains stable at zero density, even up to a 
temperature of 170 MeV as compared to dissociation temperatures of Xc of around 0.74 Tc in ref. [19j and around 
0.9 Tc in 50]. The density modifications of the D-meson masses are seen to be large whereas the mass modifications 
are seen to be rather insensitive to temperature. 

After the level crossings one would naively expect that the decay widths of 4*' and Xr. states will increase drastically 
with density. The decay of charmonium states to DD has been studied in Ref. 1^ is seen to depend sensitively 

on the relative momentum in the final state. These excited states might become narrow [l^ though the Z?-meson mass 
is decreased appreciably at hi gh temperatures and densities. It may even vanish at certain momenta corresponding 
to nodes in the wavefunction Il7l |. Though the decay widths for these excited states can be modified by their wave 
functions, the partial decay width of Xx2li '^^^ absence of any nodes, can increase monotonically with the drop of 
the D^D^ pair mass in the medium |l7l |. This can give rise to depletion in the J/4' yield in heavy ion collisions. 
The dissociation of the quarkonium states (4'', Xc J l'^) into DD pairs have also been studied [l^ Isfll by comparing 
their binding energies with lattice results on temperature dependence of heavy quark effective potential [2^. The 
dissociation occurs since the open charm mass drops faster with temperature than the mass of the excited charmonium 
[19! . The medium effects on the charmonium masses have recently been studied in a perturbative QCD approach [sJ ] 
which shows an appreciable drop of 4^' in nuclear matter. Accounting for the mass modifications of the charmonia 
will change the threshold conditions for the decay of these states to DD pairs, and, in turn, modify the J/4' yield 
in the heavy ion collision experiments. It can also have observable consequences in the dilepton spectra in the pA 
annihilation experiments [5^ in the future GSI facility jssf . 

5. SUMMARY 



To summarize we have investigated in a chiral model the temperature and density dependence of the D, Z?-meson 
masses arising from the interactions with the nucleons and scalar and vector mesons. The properties of the light 
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hadrons - as studied in a SU (3) chiral model - modify the _D-meson properties in the hot and dense hadronic 
medium. The SU(3) model with paramaters fixed from the properties of hadron masses, nuclei and hypernuclei and 
KN scattering data, is extended in a controlled fashion to SU(4) taking into account all terms up to the next to 
leading order arising in chiral perturbative expansion to derive the interactions of D-mesons with the light hadron 
sector. The important advantage of the present approach is that the DN, KN as well as TriV sigma terms are calculated 
within the model. The model predictions for the nN and KN sigma terms are reasonable, the value for T^kn from 
the model being in agreement with lattice gauge calculations. Using the Lagrangian from chiral perturbation theory 
with a vectorial Tomozawa- Weinberg interaction, supplemented by an attractive scalar interaction (the sigma term) 
for the DN interactions, the results obtained are seen to be similar to earlier finite density calculations of QCD sum 
rules 18| as well as to the quark meson coupling (QMC) model j^- However, the presence of the repulsive range 
term, given by the last term in H34(l reduces the drop in mass. The chiral effective model, which is adjusted to describe 
nuclear properties, dominantly due to the scalar exchange and the attractive range term gives a larger drop of the 
_D-meson masses at finite density as compared to chiral perturbation theory, The effect of the baryon Dirac sea for 
the hot hyperonic matter using the chiral model gives a higher value for the _D-meson masses as compared to the 
mean field calculations. The medium modification of the D-masses can lead to a suppression in the J/^- yield in 
heavy-ion collisions. In MFT, we find that J/^E* dissociates into DD pairs already at 2-3 po- The relativistic Hartree 
approximation gives rise to somewhat higher values for the threshold densities for the quarkonium decaying to 
pairs. The density dependence of D-mass is seen to be the dominant medium effect as compared to the temperature 
dependence. The strong density dependence of the D-meson optical potential can be tested with the existing data on 
J/vP production from SPS experiments as well as by the future GSI facility 0| which is currently under investigation. 
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